Here, we demonstrate that introduction of halogen atoms at the tyrosine 10 phenol ring of the DSGYEV sequence derived from the flexible amyloid-β N-terminus, promotes its selfassembly in the solid state. In particular, we report the crystal structures of two halogen-modified sequences, which we found to be stabilized in the solid state by halogen-mediated interactions. The structural study is corroborated by NonCovalent Interaction (NCI) analysis. Our results prove that selective halogenation of an amino acid enhances the supramolecular organization of otherwise unstructured biologically-relevant sequences. This method may develop as a general strategy for stabilizing highly polymorphic peptide regions.
Introduction
Alzheimer's disease (AD) is an oxidative stress associated pathology characterized by the accumulation in the Central Nervous System of misfolded amyloid-beta (Aβ) peptides in the form of oligomers and amyloid fibrils.
[1] From a structural point of view, the Aβ peptide comprises two regions with β-strand propensity (residues 16-24 and 31-40), two regions with high PPII-helix propensity (residues 1-4 and 11-15), and two unstructured regions with higher mobility (residues 5-10 and [25] [26] [27] [28] [29] [30] connecting the structural elements. [2] While Aβ fibrils and neurofibrillary tangles are well-defined signatures of AD, [3] the precise molecular mechanisms underlying their formation and role on disease progression are not completely understood, yet. [4] In fact, for years these structures were considered the only species leading to AD, but more recently Aβ soluble oligomers were also recognized as key actors in the development of the pathology. [5, 6] In particular, it has been demonstrated that the N-terminus (N-term) moieties of these neurotoxic dysfunctional Aβ oligomers are implicated in the development of the disease. [7] In this context, it is now emerging clearly that the Aβ Nterm is often site of amino acidic mutations, protein post translational modifications, and of interaction with other proteins, metal cations, and cellular membranes. For example, it has been observed that genetic variants of Aβ peptides with an amino acidic mutation in position 2 of the N-term are characterized by different aggregation kinetics, metal site structure, and metal affinity, and showed opposite effects on the onset and progression of AD. [8] [9] [10] [11] Of considerable interest, the oxidative stress-related nitration of the Aβ N-term tyrosine Y10, as well as oligomers containing cross-linked Y10, were recently described to modify the assembly of the Aβ peptide, and thus the onset and progression of the disease. [12] Overall, all of these results promoted a considerable interest in the N-term region as potential hotspot for new therapeutic targets. [13] [14] [15] In this scenario, a precise structural characterization of the Aβ peptide would significantly help the design and development of specific therapeutics. However, being the N-term region characterized by a high degree of flexibility, its highresolution structural features are not easily obtained by X-Ray Diffraction (XRD) and Solid-State Nuclear Magnetic Resonance (SS NMR) studies. Thus, various protein-engineered scaffolds have been adopted to stabilize the Aβ N-term region towards crystallization. [16, 17] In this regard, halogenation of phenylalanine, a non-natural peptide modification, has recently been proposed as a new tool in peptide and protein engineering.
[18] More relevant to the present study, we proposed it as a strategy for promoting crystallization of a highly fibrillating short peptide sequence derived from human calcitonin. [19a,b] The same modification was also found to exacerbate the self-assembly of another highly fibrillating core sequence derived from Aβ, i. e., KLVFF. [19c,d] Here, knowing that the Y10 of the Aβ N-term may also be a putative target of halogenative stress, [20] we investigated the effect of Y10 halogenation on the self-assembly behavior of a core sequence derived from the Aβ N-term, i. e., DSGYEV (Aβ 7-12, Scheme 1). To elucidate the role of Y10 halogenation in the supramolecular organization of DSGYEV in the solid state, single crystals of the brominated and chlorinated derivatives were grown and their structures obtained through synchrotron radiation. Differently, the WT-peptide only formed poorly scattering crystals upon drying. High resolution crystal structures of brominated and chlorinated Aβ 7-12 derivatives, along with computational studies, namely Non-Covalent Interaction (NCI) analysis, confirmed the dramatic effect that the halogenation has on the solid state supramolecular stabilization of this otherwise unstructured and highly flexible motif.
Results and Discussion

Single-Crystal X-Ray Diffraction Studies
To study the effect of halogen atom modification on supramolecular stabilization of the highly fibrillogenic and flexible sequence DSGYEV, we introduced I, Br, and Cl atoms at both ortho-positions to the tyrosine phenol group, obtaining its diiodo (DSGY(3,5-I)EV), dibromo (DSGY(3,5-Br)EV), and dichloro (DSGY(3,5-Cl)EV) analogues (Scheme 1). Brominated and chlorinated peptides crystallized from water. The WT-peptide and the iodinated Y10 analogue, unfortunately, did not yield crystals suitable for X-ray diffractions analysis. DSGY(3,5-Br)EV and DSGY(3,5-Cl)EV crystallized in the P2 1 space group and were almost isostructural. Both asymmetric units consisted of two independent peptide molecules in an extended β-strand conformation and different water content (Figure 1 and Table S1 ). In both the halogenated sequences, the peptide strands interacted in a head-to-tail fashion through an extended network of intermolecular hydrogen bonds (HBs) occurring between the amide moieties of stacked backbones (N···O distance is in the range 2.78-3.16 Å) forming the characteristic supramolecular ring-like structure of antiparallel arrangement (Figure 2a) . The distance between hydrogenbonded peptide strands (Figure 2b ) is 4.74 Å for the brominated peptide, and a bit longer (4.78 Å) for the chlorinated one. This structural feature is within the range of typical amyloid structures. The antiparallel arrangement propagated along the a-crystallographic axis, giving rise to the classical β-pleated sheet ( Figures S2 and S3) .
Interestingly, the halogen atoms are involved in various intermolecular contacts that stabilize the overall β-sheet structure ( Figure 3 ). Specifically, a short contact between one Br atom (Br1_24) and an O atom (OE1_15) (see CIFs) of the glutamic acid side chain of an adjacent peptide is observed in the DSGY(3,5-Br)EV sequence (Figure 3, top) . Although relatively long, this contact showed the typical directionality of a halogen bond (HaB), [21] the CÀ Br···O angle being 176°and the Br···O distance 3.36(2) Å. This HaB occurs perpendicular to a hydrogen bond between the same oxygen of the glutamic acid and the hydrogen of a water molecule. [22] Similarly, in DSGY(3,5-Cl)EV a non-covalent interaction involving the Cl atom (Cl1_14) and one O atom (OD_21) of the carboxylic group of the Asp residue of a close-by fragment was present (Figure 3, bottom) . Also in this case, the interaction distance between the HaB donor and acceptor is long, being at the limit of the sun of the van der Waals radii (Cl···O distance 3.43(3) Å), however, the CÀ Cl···O angle is close to linearity (168°), which is a structural feature of a classical HaB. The behavior observed in the two sequences reflects the different polarizability of the halogen atoms involved in the HaBs, Br being more polarizable (namely, it has expectedly a more pronounced σ-hole) functions as better HaB donor than Cl, which, in fact, shows a longer and thus weaker HaB.
The presence of the Br···O stabilizing interaction is further confirmed by the Fourier Transform Infrared Spectroscopy (FTÀ IR) analysis on the crystallized peptide. In fact, the diagnostic band related to the stretching of the carboxylate group of the glutamic acid (E) side chain in DSGY(3,5-Br)EV is redshifted (1415 cm À 1 ) in the brominated peptide ( Figure S4 ) when compared to the wild-type sequence. This suggests a decrease of the electron density over the carboxylate group, which is coherent with its involvement in halogen bonding with the bromine atom. [23] However, similar redshift was not observed in the chlorinated peptide.
Concerning the lateral packing features of the studied sequences, the flanked β-pleated sheets were paired along the c-crystallographic axis ( Figure S5 ) by electrostatic interactions involving both CÀ and NÀ termini, in addition to the contribution of the charged side chains of aspartate and glutamate residues. Along crystallographic b-axis, couples of facing β-sheets running in parallel form the cross-β spine, a peculiar structural motif of amyloid fibrils.
Groups of flanked cross-β structures give rise to higher supramolecular amyloid assemblies, consisting in protofibrils and mature fibrils. In the spine, the facing β-sheets share a common interface that was stabilized by geometrical complementarity between their amino acid side chains ( Figure 4 ). This tightly-interdigitated interface is commonly defined as "steric zipper". Specifically, according to geometrical features based on the intra-and inter-sheet reciprocal orientations, [24] the steric zipper associated to both DSGY(3,5-Br)EV and DSGY(3,5-Cl)EV may be classified as UP-DOWN-FACE=BACK-CLASS 8. The distance between β-sheets forming the zipper -another typical feature of amyloid systems -is 9.81 Å for the brominated sequence ( Figure 4b ) and 9.45 Å for the chlorinated one (Figure S6 ).
In addition, antiparallel π···π stacking between the halogenated phenol rings (centroid-centroid distance: 3.59 Å in DSGY (3,5-Br)EV and 3.55 Å in DSGY(3,5-Cl)EV) further contributed to pack adjacent β-sheets along the b-crystallographic axis. In DSGY(3,5-Cl)EV, the π···π stacking is also reinforced by dipolar interactions involving the chlorine atoms. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 
Non-Covalent Interaction Analysis
It is well-known that cumulative contributes from different noncovalent interactions rule the assembly of proteins/polypeptides and determine their structures. [25] This is true even for a highly flexible sequence such as the one studied here, where, alongside the classical hydrogen bonding network promoting the antiparallel β-sheet arrangement, the presence of various intra-and inter-sheet halogen bonds, π···π interactions, and CH···π interactions influence the stability of the β-sheet, the steric zipper, and the overall crystal packing.
In order to better visualize and understand the role of all of these interactions, we investigated the obtained structures by using Non-Covalent Interaction (NCI) analysis and, in particular, the associated reduced density gradient (RDG) isosurfaces. [26] Specifically, here we have performed DFT calculations with functional M06-2X [27] and standard basis-set 6-311G(d,p) on two sub-packings of the dihalogenated DSGYEV crystals corresponding to two interacting dimers: 1) A dimer of the unit cell containing the β-sheet ( Figure 5) , and 2) a dimer of the steric zipper ( Figure 6 ). Furthermore, with the aim of evaluating the influence played by the bromine and chlorine atoms on the non-covalent interaction patterns, the corresponding iodinated and hydrogenated systems (which bear iodine and hydrogen atoms at properly optimised positions, respectively) were also taken into account to perform additional reference calculations. The electron densities resulting from all of these computations were afterwards used to perform the above-mentioned NCI analyses. Finally, an estimation of the interaction energies for some relevant intermolecular interactions was also computed.
Looking at the interaction patterns around the halogen atoms in the two peptides, the theoretical studies showed the presence of RDG isosurfaces involving: i) One of the bromine atoms (Br1_24) on the Tyr residue and the oxygen atom (OE1_ 15) of the Glu residue of an adjacent peptide for DSGY(3,5-Br)EV ( Figure 5, top) ; ii) one chlorine atom (Cl1_14) of the Tyr residue of one peptide chain with one of the oxygen atoms (OD1_21) of the carboxylic group of the Asp residue of a close-by fragment for DSGY(3,5-Cl)EV ( Figure 5, bottom) . Although the HaB formed by the chlorine atom is weaker than the one involving the Br atom, as suggested by the smaller isosurface associated with the former HaB and proven by the longer halogen bonding distance observed in the X-ray analysis, both the contacts show the distinct directionality features of the classical halogen bonds. In addition, it is worth mentioning that, as observed in the crystal structure of the DSGY(3,5-Br)EV sequence, the bromine atom, which acts as HaB-donor, is also functioning as HB-acceptor towards the hydrogen atom of a water molecule giving rise to the formation of a hydrogen bond, which occurs orthogonally to the Br···O HaB. This contact highlights the amphiphilic character, namely the anisotropic distribution of the electron density, of the bromine atom bound to the Tyr residue atom and underlines, once again, that the formation of HaB and HB, which share one of the interacting sites, takes place with an orthogonal geometry. [22] As far as the halogen atom polarizability is concerned, further NCI computational studies, which were performed on the systems deriving from the substitution of bromine and chlorine with iodine atoms in their crystal structures, showed more extended RDG isosurfaces around the halogen bonds, while the isosurfaces between the interacting atoms is drastically reduced when Br and Cl atoms are replaced by hydrogen atoms. As expected, these results well correlate with the polarizability scale of the halogen atom series, for which the strength of the halogen bond increases with the deepening of the σ-hole on the halogen atoms, namely with the ability of the halogen atom to function as good HaB-donor ( Figure S7 and S8). Overall, the observed Br···O and Cl···O HaBs stabilize the formation of the β-sheet by locking the flexible chains of the Glu residues in DSGY(3,5-Br)EV and of the Asp residues in DSGY (3,5-Cl)EV, respectively.
As highlighted by the structural analysis, the presence of aromatic-aromatic interactions between the halogenated rings also play a key role in the assembly of the modified DSGYEV peptides. In fact, the NCI analysis confirmed the presence of numerous interactions involving the phenyl rings of both simulated systems, showing quite extended RDG isosurfaces around the halogenated aromatic moieties ( Figure 6 ). It is interesting to note that, in both structures, the aromatic units adopt a perfectly parallel face-to-face arrangement of the involved rings but with some differences in the extension of the isosurfaces.
Specifically, in the brominated sequence, the reduced density gradient isosurface associated with the π···π interactions between the rings is much more extended than in the chlorinated system, suggesting that the presence of more polarizable halogen atoms on the phenyl unit could enhance, and thus reinforce, the paring between aromatic rings. This evidence is also supported by the calculations where the halogen atoms were replaced by hydrogen or iodine atoms. In the case of fully hydrogenated rings, the extension of the isosurface is significantly reduced (Figure 6 , right panel), while it becomes larger with the iodine atoms ( Figures S9 and S10 ). This set of results clarifies that the presence of the halogen atoms in the sequence not only allows the formation of HaBs that stabilize the β-sheet, but also strengthens π···π stacking interactions among halogenated aromatic rings, thus enhancing the self-assembly capability of the peptides.
Interaction Energies Estimation
Finally, with the aim of estimating the energies of the halogen bonds and aromatic-aromatic interactions observed in the analyzed systems, we have also decided to reduce the structural complexity, and consequently the computational costs, by considering simpler model systems derived from the crystallographic structures. Specifically, we started from the crystallographic structures (original or with bromine/chlorine atoms properly substituted with iodine or hydrogen atoms) and truncated the side chains of the considered residues at the Cβ atoms. All Cβ atoms were then saturated with hydrogen atoms (Figures S11 and S12) . All atoms at the starting positions (namely, those corresponding either to the original crystallographic structures or the crystallographic structures with bromine/chlorine atoms properly substituted with iodine or hydrogen atoms) were then kept fixed (namely, not optimized) to have models as close as possible to the corresponding crystallographic systems. We have, afterwards, performed counterpoise calculations at DFT level, always exploiting functional M06-2X [27] and basis-set 6-311G(d,p). From the HaB point of view, the calculations showed that all the HaBs were stabilizing interactions and the contact involving bromine and oxygen atoms of the Glu residue was more stable by 3.51 kJ/mol than the HaB involving the chlorine atom, while upon substitution of the bromine atom with iodine atom (in the same geometry of the original brominated crystal structure) the interaction energy is further enhanced by 2.09 kJ/mol. These results, although originated from approximated calculations on model dimers, are in line with those reported in the literature for similar halogen-bonded systems and well mirror the HaB-donor capability of I, Br, and Cl. [28] Concerning the π···π interactions, as expected from the NCI plots, the interaction energy between brominated aromatic rings in the face-to-face arrangement is stronger than the one between chlorinated rings (Δ = 2.73 kJ/mol), while the substitution of bromine and chlorine atoms with iodine atoms increases the interaction energy for those geometries by almost the same quantity (Δ = 2.80 kJ/mol and Δ = 2.70 kJ/mol, respectively). Differently, the interaction energy decreases significantly when we consider the structures with bromine/chlorine atoms replaced by hydrogen atoms (Δ = À 26.97 kJ/mol and Δ = À 19.91 kJ/mol, respectively).
Overall, the NCI analysis and the interaction energy calculations confirm that the halogenated tyrosines are involved in an intricate network of halogen-mediated interactions (namely, HaB, π···π and CH···π interactions), which play an important role in stabilizing the β-sheet structures described above, corroborating our data about the enhanced selfassembly of the halogenated DSGYEV peptides.
Conclusions
Here we showed that halogenation of Y10 has a deep impact on the supramolecular stabilization of a highly flexible short peptide sequence such as the N-term of Aβ. Remarkably, hydrogen-to-halogen substitution on the Y10 promoted the crystallization of the halogenated DSGYEV peptides and allowed the high-resolution analysis of their crystal structures. This unraveled an important role of the halogen atom substitutions on the stabilization of the steric zipper of the Aβ-spine, also promoting stronger π···π interactions among the aromatic rings of Y10. Computational studies demonstrated the fundamental contribution of the halogen-mediated interactions to providing the overall structural stabilization of the studied sequence. Y halogenation may, thus, develop as a general strategy for stabilizing the structure of otherwise highly polymorphic peptide regions, [29] giving the precise structural information that is essential to facilitate the development of therapeutics. 
Experimental Section Peptide Synthesis and Characterization
Peptide Synthesis: General Procedures
Resin loading
Resin (0.5 mmol/g loading) was swollen in CH 2 Cl 2 for 30 min and then washed with DMF (3 × 3 mL). A solution of entering Fmocamino acid and DIEA (1 : 5) in NMP (3 mL) was added and the resin shaken at r.t. for 4 h. The resin was washed with DMF (2 × 3 mL) and capping was performed by treatment with methanol/ DIEA in DCM (1 × 30 min). The resin was then washed with DMF (2 × 3 mL), CH 2 Cl 2 (2 × 3 mL), and DMF (2 × 3 mL). The resin was subsequently submitted to fully automated iterative peptide assembly (Fmoc-SPPS).
Peptide Assembly via Iterative Fully Automated Microwave Assisted SPPS
Peptides were assembled by stepwise microwave-assisted Fmoc-SPPS on a Biotage ALSTRA Initiator + peptide synthesizer, operating in a 0.1 mmol scale. Activation of entering Fmoc-protected amino acids (0.3 M solution in DMF) was performed using 0.5 M Oxyma in DMF/0.5 M DIC in DMF (1 : 1 : 1 molar ratio), with a 5 equivalent excess over the initial resin loading. Coupling steps were performed for 20 minutes at 50°C. Fmoc-deprotection steps were performed by treatment with a 20 % piperidine solution in DMF at room temperature (1 × 10 min). Following each coupling or deprotection step, peptidyl-resin was washed with DMF (4 × 3.5 mL). Upon complete chain assembly, resin was washed with DCM (5 × 3.5 mL) and gently dried under a nitrogen flow.
Cleavage from the Resin
Resin-bound peptide was treated with an ice-cold TFA, TIS, water, thioanisole mixture (90 : 5 : 2.5 : 2.5 v/v/v/v, 4 mL). After gently shaking the resin for 2 hours at room temperature, the resin was filtered and washed with neat TFA (2 × 4 mL). The combined cleavage solutions were worked-up as indicated below.
Work-up and purification
Cleavage mixture was concentrated under nitrogen stream and then added dropwise to ice-cold diethyl ether (40 mL) to precipitate the crude peptide. The crude peptide was collected by centrifugation and washed with further cold diethyl ether to remove scavengers. Residual diethyl ether was removed by a gentle nitrogen flow and the crude peptide was purified by RP-HPLC. Collected peptide was quantified by UV spectroscopy, diluted to 0.05 mM concentration and aliquoted. Peptide aliquots were stored at À 80°C, then lyophilized before use.
RP-HPLC analysis and purification
Analytical RP-HPLC was performed on a Shimadzu Prominence HPLC (Shimadzu) using a Shimadzu Shimpack GWS C18 column (5 micron, 4.6 mm i.d. × 150 mm). Analytes were eluted using a binary gradient of mobile phase A (100 % water, 0.1 % trifluoroacetic acid) and mobile phase B (30 % water, 70 % acetonitrile, 0.1 % trifluoroacetic) using the following chromatographic method: 10 % B to 70 % B in 14 min; flow rate, 1 ml/min. Preparative RP-HPLC was performed on a Tri Rotar-VI HPLC system (JASCO) using a Phenomenex Jupiter C18 column (10 micron, 21.2 mm i.d. × 250 mm) using the following chromatographic method: 0 % B to 90 % B in 45 min; flow rate, 14 ml/min. Pure RP-HPLC fractions (> 95 %) were combined and lyophilized.
Electro-spray ionization mass spectrometry (ESI-MS)
Electro-spray ionization mass spectrometry (ESI-MS) was performed using a Bruker Esquire 3000 + instrument equipped with an electro-spray ionization source and a quadrupole ion trap detector ( Figure S1 ).
X-Ray Diffraction Analysis -Structural Characterization of DSGY(3,5-Cl)EV and DSGY(3,5-Br)EV Peptides
Data collections were performed at the X-ray diffraction beamline (XRD1) of the Elettra Synchrotron, Trieste (Italy). [30] The crystals were dipped in perfluoropolyether vacuum oil (Fomblin) and mounted on the goniometer head with a nylon loop. Complete datasets were collected at 100 K (nitrogen stream supplied through an Oxford Cryostream 700) through the rotating crystal method. Data were acquired using a monochromatic wavelength of 0.700 Å on a Pilatus 2 M hybrid-pixel area detector. The diffraction data were indexed and integrated using XDS. [31] Scaling have been done using CCP4-Aimless code. [32, 33] Crystals appear as very thin needles prone to radiation damage. For the chlorinated peptide we managed to collect a complete dataset from a unique crystal; for the bromine derivative, diffraction decayed even after small doses so two different dataset have to be merged for DSGY(3,5-Br)EV (collected from different crystals randomly oriented).
The structures were solved by the dual space algorithm implemented in the SHELXT code. [34] Fourier analysis and refinement were performed by the full-matrix least-squares methods based on F 2 implemented in SHELXL-2014. [35] The essential crystal and refinement data are reported in Table S1 .
NCI Analysis
Non-Covalent Interaction (NCI) analysis was performed on dimeric systems extracted from the crystal structures of the DSGY(3,5-Br)EV and DSGY(3,5-Cl)EV peptides. Exploiting the Gaussian09 quantum chemistry package, [36] all the calculations have been performed at DFT level using functional M06-2X and the basis-set 6-311G(d,p). These quantum mechanical computations provided us the electron distributions that were afterwards used in the NCI calculations performed by means of the software NCIPLOT-3.0. [26a,b] In particular, in preliminary NCI computations the following options were adopted: a) default cubic grid with a minimum distance of � 2 Å from the outermost x, y, z coordinates, b) default increment of 0.1 atomic units (a.u.) along the x, y, z directions, c) cutoff interval for the electron density set to [À 0.2 a.u., 0.2 a.u.] and d) cutoff for the reduced density-gradient equal to 2.0 a.u.
Estimation of Interaction Energies for Relevant Inter-molecular Interactions
To evaluate the interaction energies (Table S2 ) associated with relevant contacts between the side chains, we started from the crystallographic structures (original or with bromine/chlorine atoms properly substituted with iodine or hydrogen atoms) and we truncated the side chains of the considered residues at the Cβ atoms. All the Cβ atoms were afterwards saturated with hydrogen atoms (see Figures S11 and 12) . For the computation of the interaction energies (Table S2) , we have afterwards performed counterpoise calculations at DFT level (M062X functional and 6-311G(d,p) basis-set) keeping fixed (namely, not optimizing) all the atoms at the starting positions (namely, those corresponding to the original crystallographic structures or to the crystallographic structures with bromine/chlorine atoms properly substituted with iodine or hydrogen atoms). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 
